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Scientific  Progress 


Scientific  Progress  and  Acomplishments  for  ARO  W91  INF-08-1 -0067  for  period  ending  8/31/2013. 


Semiconducting  Ferroelectrics  and  Vacancy-Induced  Composition  Tuning  of  Bandgap. 

We  report  on  discovery  of  and  strategies  for  designing  new  complex  oxide  materials  in  which  two  normally  contradictory 
properties  co-exist,  and  its  publication  as  a  cover  story  in  the  Nov  28,  2013  issue  of  Nature.  In  one  example,  switchable  polar 
character  (ferroelectricity)  arising  from  non-centrosymmetric  structure  is  achieved  in  a  narrow-gap  material  through  design  and 
synthesis  of  cation  and  oxygen  vacancy-driven  tuning  of  band  gap  without  loss  of  polar  character.  Shown  for  a  single  phase 
solid  solution  ferroelectric  oxide  perovskite  (K,Ba),(Ni,Nb)0_(3-delta),  this  material  exhibits  a  compositionally  tunable  and  direct 
band  gap  in  the  range  of  1.1  -  3.8  eV,  with  potential  for  novel  nonlinear  light-matter  applications  in  addition  to  high-efficiency 
photovoltaic  solar  energy  conversion. 

New  Complex  Oxide  Multiferroic. 

In  a  second  example  we  report,  with  collaborators,  on  the  discovery,  synthesis  and  properties  of  a  completely  new  family  of 
non-perovskite  complex  oxide  that  exhibits  ferroelectric  and  antiferromagnetic  order.  Pursuing  single  phase  multiferroics  is 
challenging  due  to  the  almost  intrinsic  paradox  of  combining  more  than  one  ferroic  order  parameter  in  a  crystal  system. 
Discovery  of  new  complex  oxides  that  exhibit  both  magnetic  and  ferroelectric  properties  is  therefore  of  great  interest  in  the 
design  of  functional  magnetoelectric  films,  in  which  research  is  driven  by  the  technologically  exciting  prospect  of  controlling 
charges  by  magnetic  fields  and  spins  by  voltages,  for  sensors,  transducers,  4-state  logic,  and  spintronics.  Motivated  by  the 
notion  of  a  tool-kit  for  complex  oxide  design,  our  collaborators  have  developed  a  chemical  processing  technique  that  allows  for 
selective  stoichiometric  combination  of  transition  metals,  to  generate  a  single  phase  multifunctional  lattice  in  nanocrystalline 
form.  We  introduce  a  new  class  of  multiferroic  Ba-Mn-Ti  oxides  not  apparent  in  nature,  based  on  the  hollandite  structure,  and 
show  that  substitution  with  Fe  and  Ni  is  also  possible.  The  chemical  method,  first  produces  gels  of  Ba-Mn-Ti-O,  or  variations, 
that  can  be  transformed  at  -700C  to  fully  crystallized  discrete  nanoparticles  with  sizes  of  ~  20  nm.  The  nanocrystal  compound 
BMnT-134,  was  studied  by  HRTEM  and  PDF  in  order  to  fully  characterize  and  deduce  the  structure.  PDF  was  found  to  be  an 
ideal  characterization  tool  due  its  ability  to  discern  order  at  short  range.  Magnetic  characterization,  consistent  with  structural 
analysis,  indicates  the  presence  of  Mn4+  and  Mn3+  ions  only,  and  an  antiferromagnetic  phase  transition,  TN  ~42  K.  BMnT-1 34 
possesses  a  giant  dielectric  constant  at  low  frequency  and  a  very  stable  and  high  (instrinsic)  dielectric  constant  of  200  up  to  100 
MHz.  BMnT  shows  evidence  of  ferroelectric  switching  over  a  range  of  temperatures  correlated  with  magnetic  ordering 
temperatures.  Nanocomposite  capacitors  of  BMnT-1 34/PVDF  were  prepared,  showing  potential  for  very  high  energy  densities. 

A  manuscript  “A  New  Class  of  Synthetic  Hollandite  Multiferroics:  Nanocrystals  and  Nanocomposite  Films,”  is  in 
preparation/revision  and  will  be  submitted  soon. 

ALD  and  Epitaxial  Stabilization  of  Heteroepitaxial  Oxide  Perovskite  Films. 

We  published  a  new  thin  film  synthesis  strategy  that  enables,  through  epitaxial  stabilization,  low-energy  and  highly  scalable 
growth  of  single-crystal  heteroepitaxial  complex  oxide  thin  films  featuring  low-temperature  deposition  and  a  brief  annealing 
under  well-controlled  conditions.  This  was  reported  in  a  publication  in  Nano  Lett. 

Raman  scattering  as  a  probe  of  oxygen  stoichiometry  and  electronic  properties  in  complex  oxide  thin  films. 

ABO_3  type  perovskites  are  endowed  with  the  unique  combination  of  strong  electronic  polarization  of  the  transition  metal  - 
oxygen  bond  and  highly  sensitive  electronic  correlation  properties  of  the  d  band  electrons  in  the  B  atoms.  As  a  result,  ABO_3 
type  perovskites  exhibit  multifunctional  properties  that  show  enhanced  susceptibilities  to  many  external  stimuli,  including  electric 
field,  external  polarization,  temperature  and  the  presence  of  reactive  species  on  their  surface. 

A  unique  property  of  ABO_(3-delta)  perovskites  is  the  ability  of  these  materials  to  accommodate  oxygen  vacancies  in  the  range 
of  delta  =  0  -  0.5.  Since  the  oxidation  states  of  the  cations  in  these  materials  are  intimately  related  to  the  quantity  of  oxygens  in 
crystal  lattice,  many  critical  material  properties  of  ABO_3-delta  perovskites  depend  on  and  in  turn  can  be  tuned  by  controlling 
the  oxygen  vacancy  fractions.  Accordingly,  the  ability  to  control  the  oxygen  vacancies  in  AB03  perovskite  systems  may  provide 
additional  flexibility  and  functionality  in  their  application  in  switching  and  electrostatic  gating.  In  bulk  oxides  the  effects  of 
temperature,  electric  field  and  environmental  conditions  on  the  oxygen  content  have  been  studied  extensively.  However,  studies 
of  oxygen  content  become  significantly  more  complicated  in  epitaxial  films  of  AB03  type  perovskite  heterostructures  for 
practical  reasons.  Very  often  few  monolayers  of  one  type  of  AB03  system  is  grown  on  a  thick  perovskite  A'B'03  of  different 
chemistry  and  the  propensity  of  oxygen  loss  of  each  system  could  markedly  differ.  As  a  result  the  methods  used  for  bulk 
system,  e.g.,  thermogravimetric  analysis  used  to  demonstrate  large  changes  in  sample  weight  due  to  reduction  and  oxidation,  is 
hardly  applicable  for  these  thin  film  systems. 

Recently,  Xie  et  al.  studied  reversible  oxygen  loss  in  La_(1-x)SrxFe03  (LSFO)  films  through  a  combination  of  transport 
measurements,  ellipsometry  and  X-rays  diffration  studies.  Their  results  reveal  that  reversible  control  of  oxygen  content  at 
temperatures  as  low  as  200C  can  induce  dramatic  changes  in  electronic  resistivity,  optical  absorption  and  lattice  size  in  LSFO 
films  of  thickness  of  few  tens  of  nm.  Xie  et  al.  argued  that  the  orders  of  magnitude  increase  in  resistivity  upon  annealing  of  the 
samples  at  200C  is  due  to  the  escape  of  oxygen  atoms  from  the  lattice  and  subsequent  trapping  of  polarons  at  the  oxygen 
vacancies.  Partly  encouraged  by  these  results  and  partly  in  an  effort  to  determine  the  limits  of  scattering  studies  from  ultrathin 
films  of  AB03  perovskites  that  may  or  may  not  be  polar  in  nature,  we  undertook  the  current  study  to  determine  the  effect  of 
oxygen  content  on  the  Raman  spectrum  of  LSFO  films.  Raman  scattering  is  an  established  and  nonperturbing  method  for 


identifying  structural  phases  in  solid,  thin  film  and  nanostructured  semiconductor  and  oxide  materials,  since  vibrational  modes 
provide  a  unique  signature  of  the  crystal  structure.  Previous  studies  have  provided  useful  information  about  impurities,  internal 
stress,  and  crystal  symmetry  in  various  thin  and  ultrathin  films.  Studying  lattice  dynamics  using  Raman  spectroscopy  using 
visible  laser  line  excitation  in  epitaxial  films  of  AB03  perovskites  systems  is  challenging,  due  to  a  combination  of  several 
factors.  Most  of  these  materials  are  wide  bandgap  and  absorb  weakly  in  the  visible,  and  visible  light  penetrates  deep  into  the 
sample  and  into  the  substrate.  While  the  former  results  in  weak  Raman  signal  from  the  films  the  latter  generates  overwhelming 
Raman  signal  from  the  substrate,  making  the  characterization  of  the  film  a  rather  difficult  task.  The  challenge  gets  accentuated 
on  Raman  spectroscopy  of  a  AB03  perovskite  systems  with  cubic  substrates  and  quasi  cubic  films  with  weak  first-order 
Raman-allowed  peaks.  Attempts  to  study  LSFO  ultrathin  films  grown  on  cubic  SrTi03  substrates  are  challenging  due  to  the 
quasi  cubic  nature  of  LSFO  with  very  little  rhombohedral  distortions.  T o  the  best  of  our  knowledge  studies  of  quasi  cubic  AB03 
films  grown  on  cubic  A'B'03  substrate  has  not  been  done.  Accordingly,  we  choose  to  study  LSFO  ultrathin  films  on  MgO 
substrates  (LSFO-MgO)  due  to  the  substrates  low  Raman  activity  in  the  frequency  of  interest  (200  -  700  cm-1)  for  LSFO.  Our 
simultaneous  Raman  spectroscopy  and  transport  measurements  indicate  that  such  combination  can  be  a  powerful  tool  to 
investigate  properties  of  these  systems  with  relative  ease. 

We  have  been  using  inelastic  light  scattering,  in  conjunction  with  other  techniques,  to  characterize  and  quantify  oxygen  vacancy 
concentrations,  including  their  effects  on  structure  and  electronic  phase  transitions.  We  conducted  a  series  of  simultaneous 
Raman  and  transport  measurements  of  La1-xSrxFeO_(3-delta)  epitaxial  films  grown  on  MgO  single  crystals  as  a  function  of  air 
annealing  at  different  temperatures  and  time.  Carrier  transport  measurements  show  that  loss  of  oxygen  results  in  orders  of 
magnitude  increase  in  the  resistivity  of  the  films  with  air  annealing.  Raman  results  corroborate  the  transport  measurements  by 
showing  the  oxygen  vacancy  induced  disorder  and  the  associated  activation  of  IR  modes  in  the  Raman  spectra.  The  results 
also  show  Fano  asymmetry  in  higher  energy  J-T  activated  modes  and  points  toward  polarization  fluctuations  in  oxygen  vacancy 
induced  nanopolar  regions  in  LSFO.  A  manuscript  is  in  preparation  and  will  be  submitted  for  publication  by  the  end  of  March 
2014. 
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